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Relevance of the conductivity kinetic model in the control of with considerable clinical consequences. During hypo-
sodium pool. Changes in the body sodium pool caused by natric dialysis, the sodium loss down the concentration
dialytic treatment have very important clinical implications, gradient may be excessive, thus leading to intracellularmainly in terms of intradialytic cardiovascular instability and
overhydration, an excessive reduction in extracellularinterdialytic hyperhydration and hypertension with long-term
volume, and intradialytic discomfort [1]. On the othercardiac hypertrophy and dilation. A kinetic model could be
helpful in order to define the dialysate sodium concentration hand, hypertension and overhydration (even to the ex-
needed to match intradialytic hydrosodium removal with inter- tent of pulmonary edema) can occur when too high dialy-
dialytic sodium and water intake, but unfortunately, none of
sate sodium concentrations are used without taking thethe sodium kinetic models are suitable for routine clinical appli-
appropriate precautions [2]. It is therefore important tocation. Two conductivity kinetic models (one for hemodialysis
and one for paired filtration dialysis) have been developed on choose the “adequate” dialysate sodium concentration,
the basis of the linear relationship between the sodium content that is, the concentration allowing the matching of intra-
and conductivity of every saline solution and plasma water and dialytic removal and the interdialytic sodium load.
according to basic theory for ionic dialysance determination.
It is also important to remember the influence of dial-These models make it possible to know at the start of each
ysis efficiency and session length on the sodium diffusivesession the dialysate conductivity needed to obtain the desired
final plasma water conductivity or to know the latter when the flux. If the session length is reduced in the absence of
former is known. Clinical evaluations showed that conductivity any other changes, the sodium diffusive flux decreases
kinetic models are very precise and accurate and may be used and the dialysate sodium concentration must be adjustedinstead of sodium kinetic models. Furthermore, they are suit-
in order to counterbalance the unchanged convective loss.able for routine use because they do not require blood sampling
or laboratory determinations. Clinical application of the con- The same is true if the efficiency of dialysis is modified.
ductivity kinetic model has shown that the reduced variability Furthermore, it must be underlined that when using a
of end-dialysis plasma water conductivity obtained when using constant dialysate sodium concentration and ultrafiltra-
the model to identify dialysate conductivity significantly re-
tion rate, sodium removal is not linear because the diffu-duces cardiovascular instability, even without any changes in
sion gradient may change during the session, thus modi-average sodium removal. Given that ionic dialysance can be
easily, inexpensively, and repeatedly measured at each dialysis fying the diffusive flux. Given the daily fluctuations in
session, it seems realistic to expect that conductivity kinetic individual dietary sodium and water intake, the amount
modeling will soon become a part of everyday clinical practice. and proportion of intradialytic water and sodium removal
have to be personalized at each dialysis session, and it
is here that the choice of dialysate sodium concentration
The clinical implications of dialytic sodium removal,
plays an essential role. The sodium concentration in the
mainly in terms of intradialytic cardiovascular instability
reinfusion fluids of alternative methods (hemofiltration,and interdialytic overhydration and hypertension with
hemodiafiltration) is obviously similarly important.long-term cardiac hypertrophy and dilation, have been
well known for a long time. The extent of convective
sodium removal is inevitably dependent on the ultrafil- SODIUM MODELING IN HEMODIALYSIS
tration rate, whereas the diffusive flux is strictly related Intradialytic water and sodium removal are defined as
to the dialysate sodium concentration freely chosen by being adequate in relationship to the interdialytic intake
the clinician; it is therefore clear that this choice is fraught when the water/sodium balance is zero, that is, when the
final dry body weight is reached and the final plasma
water sodium concentration is constant. For this purpose,Key words: sodium kinetic modeling, ionic dialysance, hydrosodium
removal, dialysate, end-stage renal disease. the required water removal can be easily quantitated
because it corresponds to the interdialytic increase inÓ 2000 by the International Society of Nephrology
S-89
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Table 1. Clinical results using sodium kinetic modelsbody weight. In contrast, given that it is affected by
in hemodialysis
various factors, a mathematical kinetic model must be
Expected Measured Expected 2 Measuredused at the start of treatment in order to predict final
NaFt (mEq/L) 139.8562.41 139.3162.43 0.5461.45plasma water sodium concentration and to calculate the
NaIt (mEq/L) 144.0761.65 143.7061.66 0.3760.42needed dialysate sodium concentration.
Mean value and standard deviation of expected and measured end-dialysisIn 1980, Gotch et al proposed a single-pool sodium
plasma water sodium concentrations (Nat) and the difference between them
kinetic model based on the following assumptions: (1) using original Gotch’s model (NaFt 5 Nat measured by flame photometry) and
modified model (NaIt 5 Nat measured by potentiometry).Only sodium and its accompanying anions are important
as effective osmotic substances in the extracellular fluid;
and (2) the effective intracellular and extracellular os-
molalities are equal at all times [3]. Since the effective tions predicted by the model and the measured values.
osmotic substances do not move across the cell mem- The results (Table 1) show that the end-dialysis plasma
brane, any change in extracellular osmolality will be fol- water sodium concentration predicted by the model had
lowed by a transcellular fluid shift until effective osmo- an imprecision of 62.9 mEq/L, with the imprecision of
lality again reaches transcellular equilibrium. Therefore, photometry accounting for 40% of the overall error and
although sodium is distributed almost exclusively in the the imprecision of the estimated sodium dialysance and
extracellular compartment, it is osmotically distributed model error accounting for the remaining 60% [3].
in total body water, and a single pool is assumed for We recently modified this single-pool sodium kinetic
sodium modeling purposes. model by using blood and dialysate sodium concentra-
On the basis of these assumptions, the amount of os- tions determined by means of more precise direct poten-
motically active cations present in total body water can tiometry and assuming that 97% of the ionized plasma
be calculated as the product of plasma water sodium water sodium is diffusible [4]. The clinical results ob-
concentration multiplied by the volume of total body tained using this kinetic model to calculate the dialysate
water, and serial changes in this product will describe sodium concentration required to reach a pre-estab-
serial changes in body sodium content. A measure of lished target of end-dialysis plasma water sodium activity
total body water can be reached using the urea distribu- had an imprecision of less than 0.84 mEq/L, with labora-
tion volume estimated according to the single-pool urea tory error accounting for 58% of the overall error and
kinetic model or, more simply, by means of anthropo- imprecision in the estimate of sodium dialysance and
metric parameters. Serial changes in total body water model error accounting for the remaining 42% (Table 1).
over short periods of time are considered to be equal to Unfortunately, although they make it possible to reach
changes in body weight. The magnitude of interdialytic the desired intradialytic sodium removal, these models
sodium intake over a dialysis treatment cycle is calcu- are unsuitable for routine clinical application because
lated as the difference between the product of plasma the required initial sodium plasma water concentration
water sodium concentration multiplied by total body wa- and sodium dialysance in real time are cumbersome to
ter volume at the beginning of dialysis and that calculated obtain in routine dialysis.
at the end of the previous session, whereas intradialytic
sodium removal is calculated as the difference between
CONDUCTIVITY MODELINGthe products of plasma water sodium concentration multi-
IN HEMODIALYSISplied by the volume of total body water at the beginning
and at the end of the same session. Sodium balance over Given the linear correlation between the sodium con-
tent and conductivity of each electrolyte solution (Fig. 1),the treatment cycle is equal to sodium load minus sodium
removal. conductivity values can be used instead of sodium con-
centration values. According to the basic theory devel-This early analytical single-pool sodium kinetic model
for evaluating sodium balance in hemodialysis was devel- oped by Polashegg [5], if dialysate conductivity is mea-
sured at the dialyzer inlet and outlet ports at twooped assuming that the ultrafilterable and diffusible
plasma water sodium concentrations are the same (corre- different inlet values (Fig. 2), sodium dialysance can be
easily estimated using equation 1 (Appendix). After esti-sponding to plasma water sodium concentration multi-
plied by the Donnan factor) and using flame photometry mating ionic dialysance, plasma water sodium concentra-
tion can be easily derived as plasma water conductivityto determine plasma and dialysate sodium concentra-
tions. This makes it possible to calculate the dialysate using equation 2. Finally, since conductivity is deter-
mined by all of the ions (cations and anions) in thesodium concentration needed to achieve the desired end-
dialysis plasma water sodium concentration. The validity solution, the Donnan factor will be equal to 1. The so-
dium kinetic model is therefore changed to the conduc-of this model was evaluated in 13 hemodialysis sessions
(involving 6 patients) by determining the difference be- tivity kinetic model [6], which, without the need for any
blood sampling or laboratory determinations, makes ittween the end-dialysis plasma water sodium concentra-
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Table 2. Clinical results using conductivity kinetic model
in hemodialysis
Expected Measured Expected 2 Measured
Ct (ms/cm) 14.4260.23 14.3860.24 0.0460.07
Mean value and standard deviation of expected and measured end-dialysis
plasma water conductivities (Ct) and the difference between them.
Fig. 1. Correlation between the sodium content (Nad) and conductivity
(Cd) of a dialysate solution with the following composition (mmol/L):
Na 139, K 2, Ca11 1.75, Mg 0.5, Cl 106.5, HCO3 35, and CHCO 4. N 5
27; r2 5 0.997; Nad 5 Cd 3 9.46 1 6.5.
Fig. 3. Correlation between sodium concentration (NaIt) and conduc-
tivity values (Cpwt) in end-dialysis plasma water. N 5 11; r2 5 0.95;
NaIt 5 Cpwt 3 8.85 1 18.46.
tivity. Moreover, the module is capable of automatically
controlling inlet dialysate conductivity (according to the
single-pool conductivity kinetic model) in order to achieve
Fig. 2. Technique for estimating sodium dialysance according to the the prescribed end-dialysis plasma water conductivity. The
theory developed by Polashegg [5]. Cdi and Cdo are inlet and outlet only data required are the patient’s initial body weight,
dialysate conductivity determined before and after a change in Cdi of
body weight loss, and treatment time. The results of ourabout 1 ms/cm.
study (Table 2) show that the accuracy of the conductiv-
ity kinetic model is good (a mean difference between
observed and predicted values of 20.04 ms/cm), with an
possible to predict final plasma water conductivity when imprecision of less than 0.14 ms/cm, roughly equivalent
dialysate conductivity is known (equation 3) or to deter- to less than 1.4 mEq/L in terms of sodium concentration
mine the dialysate conductivity needed to obtain a de- (Fig. 3). The conductivity kinetic model may therefore
sired final plasma water conductivity (equation 4). be used instead of the sodium kinetic model, and the fact
The validity of the conductivity kinetic model has been that it does not require any blood sampling or laboratory
confirmed in 57 hemodialysis sessions scheduled to ob- determinations makes it suitable for routine clinical ap-
tain end-dialysis plasma conductivity values of between plication.
14.0 and 14.8 ms/cm [7]. The dialysis monitor (Monitral
S Hospal) was equipped with the specially designed Bio-
SODIUM AND CONDUCTIVITY MODELINGfeedback Module (COT Hospal) connected to the dialy-
IN HEMODIAFILTRATION:sate line between the dialyzer and the dialysis machine.
PAIRED FILTRATION DIALYSISBy means of a single temperature-compensated conduc-
tivity probe, which was alternately activated at the dialy- The sodium single-pool kinetic model developed for
hemodialysis cannot be correctly applied to hemodiafil-sate inlet and outlet, the module measures the difference
between inlet and outlet dialysate conductivity values tration techniques because higher ultrafiltration rates
may interfere with dialysate sodium concentrations.before and after a change in inlet dialysate conductivity
of about 1 ms/cm over a short period of about two min- Paired filtration dialysis (PFD) is a hemodiafiltration
technique in which convection and diffusion take placeutes, thus determining sodium dialysance as ionic dialy-
sance and sodium concentration as plasma water conduc- separately by means of a hemofilter and a hemodialyzer
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Table 4. Clinical results using conductivity kinetic model in PFDTable 3. Clinical results using sodium kinetic model in PFD
Expected Measured Expected 2 Measured Expected Measured Expected 2 Measured
Cuft (ms/cm) 14.4810.28 14.4610.27 0.0110.05NaIt (mEq/L) 145.4912.69 145.4912.59 0.0010.55
Mean value and standard deviation of expected and measured end-PFD ultra-Mean value and standard deviation of expected and measured end-PFD
plasma water sodium concentrations (NaIt) and the difference between them. filtrate conductivities (Cuft) and the difference between them.
reaching the desired sodium balance in hemodialysis,combined in a single unit [8]; it can therefore be consid-
and that is also suitable for routine application?ered to be the combination of postdilution hemofiltration
Unacceptably high cardiovascular mortality is still theand mainly diffusive hemodialysis. A PFD single-pool
leading cause of death among dialyzed (and transplanted)sodium kinetic model has been developed by combining
patients, and since hypertension is one of the main deter-the equations for instantaneous sodium fluxes in hemodi-
alysis and postdilution hemofiltration [9], with blood and minants of left ventricular hypertrophy (and later possi-
dialysate sodium concentrations being determined by bly myocardial dilation), blood pressure control is an
direct potentiometry. Moreover, ultrafilterable and dif- essential part of dialysis treatment. Unfortunately, there
fusible plasma water sodium concentrations are not con- is a widespread belief that hypertension is not a cause
sidered to be the same, but ionometric sodium is assumed of the poor prognosis of dialysis patients mainly because
to correspond to the ultrafilterable fraction and 97% of of the failure of some studies to find any clear relation-
this to the diffusible fraction. ship between blood pressure and survival. Salem has
Clinical results have confirmed the validity of this PFD even reported that the results of a two-year multicenter
sodium single-pool kinetic model: The mean difference follow-up of 649 dialysis patients indicated that hyper-
between the expected and measured end-PFD plasma tension was associated with a better prognosis [10]. Inter-
water-ionized sodium concentrations was 0.00 6 0.55 estingly, the authors who have observed a relationship
mEq/L, which means that the model is very accurate, and between high blood pressure and increased mortality also
its imprecision in predicting final plasma water sodium reported greater mortality among patients with blood
concentration is of less than 1.1 mEq/L and nearly equiv-
pressure below a certain point (the so-called J curve).alent to that of the hemodialysis model (Table 3).
However, the poor prognosis of the latter patients mayOn the basis of the linear relationship between ultra-
be due less to their blood pressure values per se andfiltrate conductivity and plasma water sodium concentra-
more to myocardial insufficiency (it is well known thattion values, we have also developed a PFD single-pool
blood pressure decreases in the presence of heart dam-conductivity kinetic model in which the former is used
age) or an incorrect evaluation of their actual dry bodyinstead of the latter. The validity of this model as an
weight. It has also been suggested that unknown uremicalternative to the sodium kinetic model in optimizing
factors may play a role in the pathophysiology of hyper-sodium removal has been confirmed in clinical tests (Ta-
tension in dialysis patients, and thus, the pathogeneticble 4). The mean difference between the predicted and
role of greater blood and extracellular volume is cur-measured end-PFD ultrafiltrate conductivity was 0.01 6
rently a matter of debate. It is not at all certain that0.05 ms/cm, an imprecision of less than 0.1 ms/cm. The
antihypertensive drugs can reduce blood pressure in dial-greater accuracy and precision of the PFD model than
the hemodialysis model are not surprising if it is consid- ysis patients over the long term, but this can be achieved
ered that plasma water conductivity is measured in the by volume control. It is common experience that, despite
ultrafiltrate, but only estimated from ionic dialysance in the widespread use of new, more effective and well-
the hemodialysis kinetic model. On the basis of the regres- tolerated antihypertensive drugs, pharmacological treat-
sion of the ionized plasma water sodium concentrations ment is often unsuccessful in dialysis patients, whereas
in relationship to ultrafiltrate conductivity values, the blood pressure can be controlled in the majority of cases
error in predicting blood-ionized sodium concentrations by means of salt restriction and adequate ultrafiltration
by means of ultrafiltrate conductivity measurements is during dialysis. Furthermore, the Tassin group achieved
less than 2 mEq/L [9]. These results also demonstrate very high rates of long-term survival in dialysis patients
that programmed sodium removal can be routinely mon- by means of strict volume control without the use of
itored as the conductivity method allows repeated and drugs [11].
inexpensive ultrafiltrate conductivity measurements.
Furthermore, the hypotension that is the most fre-
quent intradialytic complication (also because the pro-
CONDUCTIVITY AND gressive aging of the dialytic population and the related
CARDIOVASCULAR STABILITY high incidence of cardiovascular risk factors) is strictly
related to intradialytic blood volume changes that mainlyWhat is the ultimate aim that for so long has driven
the efforts to find an easy and inexpensive method of depend on sodium removal. The importance of finding
Locatelli et al: Conductivity kinetic modeling and sodium pool S-93
Fig. 5. Percent incidence of intradialytic symptoms and asymptomatic
or symptomatic hypotension during the standard (treatment A; h) and
experimental (treatment B; j) treatment. The data show a trend toward
Fig. 4. Intradialytic reduction in systolic blood pressure during the better cardiovascular stability with treatment B, although at different
standard (treatment A; h) and experimental treatment (treatment B; nonsignificant P values.
j). The reduction was significantly smaller during treatment B, with a
maximum effect at the third hour of dialysis.
sate sodium concentration) was calculated according to
the model in order to obtain an end-dialysis ultrafiltratea method for accurately modulating sodium removal at
conductivity equal to the mean value determined in eacheach dialysis session lies in the fact that it could reduce
patient during the run-in period. In this way, sodiumintradialytic hypotension and the other effects of sodium
removal should exactly match the interdialytic sodiumdepletion, while simultaneously preventing overhydra-
load at each dialysis and thus possibly reduce the nega-tion and its possible side effects.
tive clinical effects of too much or too little sodium re-The conductivity kinetic model has proved to be a
moval related to the variability in sodium intake fromreliable and inexpensive method for matching intradia-
one session to another. The results of this study showedlytic hydrosodium removal with interdialytic load at each
that the application of the conductivity kinetic modelsession, without the need for blood sampling. Of further
significantly reduced the intradialytic drop in systolicinterest are some recent clinical results suggesting that
blood pressure in comparison to standard treatment (P 5cardiovascular instability can be significantly reduced by
0.001), without any period or carryover effect. As shownindividualizing dialysate conductivity in order to match
in Figure 4, this treatment effect was maximal at theinterdialytic sodium loading and dialytic sodium removal
third hour (23% less than during standard treatment),[12]. A multicenter, prospective, controlled trial involv-
with no effect on the intradialytic diastolic blood pres-ing hemodialysis patients prone to dialysis hypotension
sure profile. Moreover, there was also a steady trendwas carried out in order to test whether cardiovascular
toward a reduction in the frequency of intradialyticstability could be improved by using the online conduc-
symptoms, as well as in asymptomatic or symptomatictivity ultrafiltrate kinetic modeling to reduce variability
hypotension (Fig. 5). This is consistent with a trend to-in sodium balance. Forty-nine uremic patients on chronic
ward better cardiovascular stability, although at differentthree times weekly hemodialysis treatment, who had
been affected by symptomatic hypotension during three nonsignificant P values. There was no difference between
the two treatments in terms of mean predialysis and end-or more dialytic sessions in the month preceding study
entry, were recruited from 16 participating centers. The dialysis body weight or in the ultrafiltrate and dialysate
conductivity values: The average estimated sodium bal-study had a 16-week cross-over design involving a run-
in period of four weeks followed by three consecutive, ance was therefore similar between the two treatments
(Fig. 6). In accordance with the study design, end-dialysisfour-week treatment periods (two treatments given in
two sequences: ABB or BAA). The blood and dialysate ultrafiltrate conductivity was the same for the two treat-
ments. As shown in Figure 7, only the variability of thisflows and the ultrafiltration rate were kept constant for
all of the PFD sessions. The type of reinfusate used for value was lower during the experimental treatment and
should be the key factor related to the better cardiovas-each patient was always the same. The reinfusate sodium
concentrations and the patient’s dry body weight were cular stability. The highly significant effect on cardiovas-
cular stability observed in the study was possibly due toleft to the usual policy of the attending physician and
were not changed throughout the study. During treat- the fact that sodium intake did not vary much from
one session to the other. A greater benefit in terms ofment A, PFD was administered using a constant dialysate
conductivity equal to that used during dialysis treatment intradialytic cardiovascular stability can be expected when
the conductivity kinetic model is applied in the case ofbefore the study run-in period. During the experimental
treatment (B), the dialysate conductivity (and thus dialy- patients with a more variable interdialytic sodium intake.
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need for blood sampling or laboratory determinations,
it seems realistic to expect that sodium kinetic modeling
will soon become a part of everyday clinical practice.
APPENDIX
Determination of ionic dialysance (D) according to Polashegg [5]:
D (mL/min) 5 2Qd 3
[(Cdi1 2 Cdo1) 2 (Cdi2 2 Cdo2)]
Cdi1 2 Cdi2
(Eq. 1)
where Qd 5 inlet dialysate flux (mL/min). Cd 5 dialysate conductivity
(ms/cm); i and o stand for inlet and outlet port of dialyzer, and 1 and
2 stand for two different values of inlet dialysate conductivity.
Determination of plasma water conductivity (Cpw) when D value
is known:
Cpw (mS/cm) 5 Cdi 2
Qd
D
3 (Cdi 2 Cdo) (Eq. 2)Fig. 6. Interdialytic load (h), dialytic removal ( ), and sodium balance
( ) during standard (treatment A) and experimental (treatment B)
treatment. The line in the box is the median value; the box indicates Calculation of final plasma water conductivity (Cpwt) with a known
interquartile ranges. inlet dialysate conductivity (Cdi) according to the conductivity kinetic
model for hemodialysis:
Cpwt (mS/cm) 5 [Cdi 2 (Cdi 2 Cpw0) 3 Vt/V0D(1/Qf21/Qe)] (Eq. 3)
where V is water body volume (mL); 0 and t stand for the start and
the end of dialysis session. Qf 5 ultrafiltration rate (mL/min), and Qe 5
blood water flow (mL/min). V0 5 Vt 1 Qf 3 Td (session length in
minutes). Qe is blood water flow calculated as blood flow 3 0.9.
Calculation of the inlet dialysate conductivity (Cdi) required to
achieve a target final plasma water conductivity (Cpwt) according to
the conductivity kinetic model for hemodialysis:
Cdi 5
[Cpwt 2 Cpw0 3 Vt/V0D(1/Qf21/Qe)]
[1 2 Vt/V0D(1/Qf21/Qe)]
(Eq. 4)
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of end-dialysis ultrafiltrate conductivity in comparison with the standard
treatment (A; h). The difference in the within-patient standard devia-
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